High-resolution spectroscopy is a key element for present and future astronomical instrumentation. In particular, coupled to high contrast imagers and coronagraphs, high spectral resolution enables higher contrast and has been identified as a very powerful combination to characterise exoplanets, starting from giant planets now, up to Earth-like planet eventually for the future instruments. In this context, we propose the implementation of an innovative echelle spectrometer based on the use of VIPA (Virtually Imaged Phased Array, Shirasaki 1996). The VIPA itself is a particular kind of Fabry-Pérot interferometer, used as an angular disperser with much greater dispersive power than common diffraction grating. The VIPA is an efficient, small component (3 cm × 2.4 cm), that takes the very advantage of single mode injection in a versatile design. The overall instrument presented here is a proof-of-concept of a compact, high-resolution (R > 80 000) spectrometer, dedicated to the H and K bands, in the context of the project "High-Dispersion Coronograhy" developed at IPAG. The optical bench has a foot-print of 40 cm × 26 cm ; it is fed by two Single-Mode Fibers (SMF), one dedicated to the companion, and one to the star and/or to a calibration channel, and is cooled down to 80 K. This communication first presents the scientific and instrumental context of the project, and the principal merit of single-mode operations in high-resolution spectrometry. After recalling the physical structure of the VIPA and its implementation in an echelle-spectrometer design, it then details the optical design of the spectrometer. In conclusion, further steps (integration, calibration, coupling with adaptive optics) and possible optimization are briefly presented.
INTRODUCTION

High-dispersion Coronography
Characterisation of exoplanet atmospheres requires to detect extremely low-amplitude signals coming from the planet companion. Transit spectroscopy is for the moment the most successful technique to detect and identify chemical components in exoplanet atmospheres, but still suffer of limited detection contrast and of degeneracies due to the light coming from the host star. On the other hand, high angular resolution gives the capability to resolve spatially the companion, but is still limited by the overwhelming flux ratio between the planet and its host star, as well as the speckle noise floor. A promising avenue for exoplanet characterisation is to cumulate the advantages of these techniques by coupling high-resolution spectroscopy with high resolution imaging ( Fig.1) , a technique called "High Dispersion Coronography. [1] [2] [3] [4] [5] [6] Residual speckles of an AO-corrected image can usually be mis-interpreted as a candidate companion. Spectral information from an IFS provides a significant improvement to discriminate a speckle from a companion, but this remains limited as the spatial and spectral information is partially mixed within the IFS and the a posteriori data reduction. Residual speckles still produce spectral artefacts that may resemble to a low resolution spectrum of a companion. This limitation of speckle noise is solved at high resolution as the companion spectrum (with a different atmosphere composition and/or orbital velocity) differs from the stellar spectrum, regardless of the potential effect of speckles on the continuum. In this context, the coupling of high-resolution spectrographs with existing extreme AO systems (SPHERE, SCExAO, Keck,...) is a major step to be done. This coupling can already start by using existing spectrographs, such as the CRIRES spectrograph at the VLT. However, it is clear that, if a spectrograph had to be designed for this purpose, it could have a different design. In particular, in a spectrograph design, single-mode operation leads to significant advantages 7, 8 :
• elementary opticalétendue ∝ λ 2 : this enables to reach high or even very high spectral resolution, in a simplified optical design, which can even integrate off-the-shelf components;
• compactness : as the opticalétendue is smaller, the footprint is also decreased, compared with existing instruments with comparable spectral resolution;
• versatility : the spectrograph is connected to standard optical fibers, and could be transported in order to be coupled to existing AO systems.
Basic spectrograph equations
More generally, the fundamental advantage of single-mode operations can be summarized in the fact that, in a spectrometer, a compromised has to be reached between the spectral resolution and the integrated opticaĺ etendue, which could be roughly described in the case of dispersive spectrometer by the well-known luminosityresolution product 9, 10 in Eq.(1) :
with R = λ/dλ the spectral resolution, L the luminosity of the object, φ diameter of seeing disk or angular height of the slit, A the angular dispersion, d 2 the diameter of camera lens, τ the total throughput of the instrument and D the diameter of the telescope. Thus, compared to an existing spectrograph such as CRIRES, decreasing the integrated opticalétendue allows equally : to shrink the size of the spectrometer, the spectral resolution being equal ; or 2) to increase spectral resolution, the size being equal.
Advantages of VIPA spectrograph
In this context, the VIPA gives the opportunity to take full advantage of both :
• single-mode operation;
• very high angular dispersion (see section 2.4).
The use of VIPA has already been demonstrated in telecom, 11 a context in which it was invented, and used afterwards for frequency comb applications 12 to reach very high spectral resolution (of the order of R = 100 000− 1 000 000), and was recently introduced to astrophysics instrumentation. 13 
GENERAL CONCEPTS OF A VIPA ECHELLE SPECTROMETER
This section details the general approach adopted for the design of an echelle spectrograph based on the use of VIPA. After recalling the physical structure of the VIPA, which is a particular class of Fabry-Pérot interferometer, the design starts by setting the resolution of the VIPA (which can be very high, precisely given the Fabry-Pérot structure). Once the resolution is set, the cross dispersion has to be adapted to the Free Spectral Range (FSR) of the VIPA. Finally, as in a diffraction grating, a careful attention has to be paid to the energy distribution inside the different diffraction peaks, which will be related to the notion of Free Angular Range.
Physical structure of the VIPA
The VIPA (Virtually Imaged Phased Array) is a small optical component which has the physical structure of a Fabry-Pérot, but is illuminated to behave as an angular disperser, in a way which has some analogy with Lummer-Gehrcke interferometer. 14 The VIPA consists of two parallel plane mirrors, the entry side ("back side" or HR) being almost 100% reflective, the exit side being highly but partially reflective (PR) > 95%. Contrarily to a Fabry-Pérot, the VIPA is illuminated with a cylindrical lens, whose light is line-focused in a small AR-coated area (with a typical height of a few tens of microns) on the entry reflecting plate, which is the most critical part of the optical alignment. After being injected in the VIPA, light experiences multiple reflections between the two reflective sides, where each reflection can be viewed as a new virtual source 11 with an apodized, exponentialy decreasing, intensity. At the exit of the VIPA, the beams diverge and interfere, in a similar manner to a diffraction grating, such that different wavelengths form constructive interferences in different angular directions, which is schematically represented in Fig 2. 
VIPA as a Fabry-Pérot interferometer
Assuming an incident gaussian beam of waist W 0 , the resulting interference pattern is multiplied by a gaussian envelope of waist W env = fcam f cyl W 0 . The overall intensity pattern can be described by the function Eq. (2), which is consistent with a complete Fourier formalism treatment. 15, 16 
with x the 1-D co-ordinate in the detector plane, F the Finesse of the Fabry-Pérot, k = 2π λ the wavelength vector, and δ = 2nt cos(θ i ) the optical path difference (OPD). The angle in the argument of the OPD is the angle inside the VIPA, as in the well-known Fabry-Pérot formula. 14 As in a Fabry-Pérot interferometer, each diffraction peak corresponds to an integer value of diffraction order p, defined by Eq. (3), which is also linked to the resolution of the interferometer by the well-known relation Eq. (4), which we will call R. In addition to the resolution, each spectral element has to be correctly sampled spatially on the detector, which imposes a condition on the angular dispersion of the VIPA given in Eq. (5) . A more detailed explanation of angular dispersion in the VIPA is given in Sec. 2.4. For a Lorentzian peak, as for Fabry-Pérot etalon, we found that a slight oversampling of the peak is a more optimal solution, and we set the number N S of pixels sampling the Lorentzian peak equals to 2.5 pixels (N S = 2.5) in our design. In addition, all instruments defects -aberrations in particular -have to be taken into account in the determination of the final resolution.
with t the thickness of the VIPA, n the refractive index of the gap into the VIPA, θ i the angle of the considered beam inside the VIPA, f cam the focal of the camera lens and dλ = λ Ri the smallest resolved spectral element.
Free Spectral Range and echelle spectrometer design
As in every blaze grating or Fabry-Pérot, several wavelengths will match the constructive interference condition, resulting in a superposition of several frequencies for one angular direction. In frequency domain, these radiations are regularly spaced by the Free Spectral Range ∆ν = c pλ . These wavelengths can however be separated by a second disperser, called "cross-disperser", to form the classical scheme of an echelle spectrometer. However, the FSR of the VIPA is relatively small (generally of the order of few hundreds of GHz, or equivalently of few nanometers) given the limited value of Finesse, which constraints the resolution of the Fabry-Pérot, and thus the thickness and the FSR. This small FSR implies that a large cross-dispersion will be needed, which is provided by a blaze grating as cross-disperser.
VIPA as a virtual diffraction grating
Recalling that the angular dispersion of a blaze grating in Littrow configuration is written dθ dλ = 2 tan(θ B ) λ , the analogy between a blazed grating and the VIPA viewed as a virtual grating provides relevant order of magnitudes :
• the equivalent blaze angle of the VIPA is written
We note that in practice, θ i has been commonly used with smaller value as reported in ([weiner, etc.] and that the angular dispersion can be further increased with the index of the gap inside the VIPA.
• for a blaze grating, angular dispersion is ∝ tan(θ B ). With 76 • for a R4 grating, and 63.5 • for a R2, we obtain tan(76 • ) ≈ 4, and tan(63.5 • ) ≈ 2.
We thus see that an increase of at least a factor 3 or 4 in angular dispersion can be expected with the VIPA. As the effective resolution of the VIPA depends of its Finesse, very high spectral resolution can be effectively and easily achieved, with a relatively small complexity, the Finesse depending mainly on the quality of the coating, of the polishing and parallelism of the etalon, and can reach nowadays high value at affordable costs (F = 70 to 110 typically). A more detailed treatment of the angular dispersion of the VIPA is given in the next paragraph.
First order derivation of angular dispersion
Using Fresnel diffraction analysis 15 with gaussian beams, the angular dispersion of the VIPA can be expressed with Eq.6 in paraxial approximation.
where we separate the angle contribution corresponding to the mechanical tilt of the VIPA θ i , which is most of the time the major contribution, and the angle θ λ associated with the height co-ordinate along the detector. This two angles θ i and θ λ are represented on Fig 2. At this point, we can also note that the dispersion varies with θ λ (angular dispersion decreases when θ λ increases). We take this fact into account in our design by over-sampling the spectrum at the center of the detector : this ensures that the spectrum on the edge on the detector is correctly sampled although the angular dispersion decreases. For greater tilt angle (θ i > 10 • ), linear dispersion varies less with θ lambda , but at the cost of a smaller angular dispersion.
These relations provide only first-order calculation, which are however useful to a first dimensioning of the instrument. In our design, the OPD was directly computed on Python for the physical optics study, and on the ray-tracing software LASSO for the optical design (LASSO is a optical design software entirely developed by Patrick Rabou, expert optical engineer at IPAG), both being in agreement with the above-mentioned relations.
Free-Angular Range and relative size of the envelopppe
From Fig 2. , it can be seen that for one wavelength, several diffraction peaks are however visible on the detector plane, at the position of Fabry-Pérot rings, which corresponds to the diffraction orders of the VIPA. The different diffraction orders are separated by a variable angular range, called the Free Angular Range, which is directly related to the interference order p. As the energy associated with one wavelength will be spread over different peaks, this FAR has to be large compared to the width of the gaussian envelope, in order to concentrate the light in one main peak and to render negligible the contribution of the other ones. 18 It has to be noted that once the number of pixels sampling the main diffraction peak has been chosen (the number N S , above mentioned), the FAR expressed in pixel units is limited by the finesse F of the VIPA, whose typical value or order of magnitude can be estimated by the relation FAR pix = F × N S . Typically, for F = 100 and N S = 2.5, we obtain FAR pix = 250, which has to be of the order of the waist of the gaussian envelope, as it is visible on Fig 3. To cover a large number of pixels along x-coordinate, it is thus necessary to maximize the Finesse of the VIPA.
Analytical description of the FAR are described in literature, 19 and numerical solution were developed under Python and LASSO to take into account carefully this parameter. 
Conclusion on the general design
For a Fabry-Pérot R can usually reach very high value, and for a VIPA it has been shown in Sec. 2.4 that the angular dispersion can be greater by a factor 3 or 4 compared to R4 grating. At a general level, it is of interest to choose high optical index n to maximize the angular dispersion and F to maximize the FAR. However, to increase further the thickness t is generally not interesting, as it will reduced the FSR, needing a greater cross-dispersion.
OPTICAL DESIGN OF A R=80 000 INFRARED ECHELLE-SPECTROMETER 3.1 General specifications
The goal of HDC-Vipa is to demonstrate the working-principle of the VIPA spectrometer for astronomy, in particular to be coupled to extreme Adaptive Optics systems like Sphere or ScExAO. This can be summarized by the following requirements :
• High-Resolution : the chosen resolution was R = 80 000, but it has to be noted that the VIPA has mainly been used for much larger resolution, from R = 100 000 to even R = 1 000 000
• Infrared, cryogenic : the instrument has to cover H and K bands, and has to be cooled to cryogenic temperature (80 K)
• Compact and versatile : the overall instrument has to be easily transportable and adaptable to different other instruments, in particular AO systems and coronagraphs. In our design, we used standard singlemode fiber (SMF), which limit the integratedétendue to λ 2
• Multi-channels : each spectral band has to accept at least two channel i.e. two SMFs.
These requirements lead to the following specifications of the HDC-Vipa spectrograph, given in Tab.1.
The detector is an engineering model of Teledyne H2RG, provided by the Université de Montréal, which will be particularly useful for the proof of concept. The detector comprises however a significant number of bad pixels which limits its use on sky, but a large portion of these bad pixels are grouped in a half of the detector. They define a usable area of 512 × 2048 pixels, which corresponds, in height, to the limit imposes by the VIPA and the FAR (see Section 2.4.2 ), so that it does not impact our design. 
Design procedure and optimization of the VIPA spectrometer
As a proof of concept, the design has been optimized to existing off-the-shelf components, excepted for the lens and the two VIPAs which could be customized at a very affordable price. For the VIPA, the goal was to minimize the thickness t while keeping a good injection quality and to obtain a high Finesse (typically, F = 100) in a material which could endure cryogenic temperature (silica with molecular adhesion).
The stronger constraints on the design were imposed by the fiber separation, which should be as small as possible but was limited by the cladding diameter (see Tab.2), and the trade-off between dispersive power of the cross-disperser and efficiency. However, this constraint on fiber separation is not a fundamental limit and could be overcame with carefully designed components, such as multi-core fibers or integrated optics components. Such components are also in use in several astronomical instruments, the goal being to minimize the size of the mode-field diameter and to group a maximum number of channels on each order on the detector. Since off-the-shelf fluoride glass fibers do not comply with our requirements, it imposes the choice of fiber thorlabs SMF2000 which is clearly not optimal in terms of attenuation and could be further optimized in an upgrade of the instrument.
For H band, a 300g/mm in order 3, θ B = 46 • grating, with protected silver coating is used as cross-disperser. For K band, the cross-disperser is a 600g/mm in order 1, θ B = 54 • grating. Both are off-the-shelf components. It has to be noted that, considering the small FSR of the VIPA, a large cross-dispersion is needed, which has been an important constraint in our design.
Given the different constraints on the design (detectors, fibers, maximal Finesse), trade-off were set for the design. This design hierarchy is described in Tab.3.
Instrument description
The resulting instrument is a spectrograph placed on a 400 × 260 mm platform, which fits within a vacuum vessel whose maximum dimensions are 400 × 500 × 800 mm. For each Band (H and K), an optical platform with its own optics optimized for the given spectral band has been built, each optical platform being aligned and tested separately, and then set in the vacuum vessel, where the detector is fixed permanently. A view of the optical platform and the vacuum vessel are given in Fig 4. and Fig 5. For simplicity reasons, the two optical platforms cannot be used simultaneously in this first demonstrator, but this is certainly doable in a future upgrade, for instance in order to project the 2 bands on different parts of a fully operational H2RG (2K × 2K) detector.
For the moment, the two optical platforms cannot be used at the same time on the detector, which was imposing several constraints on the optical design, but their simultaneous use has to be planned for an upgrade of the instrument. 
Acquisition camera optics
The acquisition camera lens is a doublet of focal f cam = 150mm for H and K-band designs, and is made of S-TIH14, which is visible on Fig 6. In comparison to the best optical design, a slight curvature has been added to plane surfaces of the lenses to avoid ghost reflections with the surface of the detector.
Overall throughput
Considering all the optical elements of the spectrograph, from fiber attenuation to detector QE, the estimated throughput is η = 0.4 for H band and η = 0.3 for K band. In K band, several elements could be easily optimized, in particular fiber attenuation, with the use of ZFG fibers, and VIPA vignetting, with a bigger width of our VIPA in K band. The estimated throughput is given in Tab.4. However, it is important to note that in essence, given its structure of Fabry-Pérot interferometer, the VIPA has an optimal throughput, which is no longer limited by the HR coating (> 0.998 in our case), but by the quality of injection in the VIPA.
Cryogenic study
The cryogenic study has been an important step in the design, given the sensitivity of the injection of light into the VIPA. The approach adopted for the cryogenic study was : • 1) Optical design @77 K : the optical design on ray-tracing software LASSO has been done at the nominal working temperature 77 K and for vacuum.
• 2) Mechanical design @293 K : taking into account the integrated variation of CTE over the temperature range of both the optics (STIH14, CaF2 and fused silica) and the optical bench (Al-6061), and the variation of optical index with temperature, the mechanical design and radii of curvature of the optics were • 3) Verification @77 K : finally, a temperature gradient and vacuum is applied on the whole final design to verify the image quality and the alignment on LASSO.
Experimentally, the different adjustments will be done at T=293 K, with different iterations to set-up the optics.
Optical Design : Conclusion
From the previous general guidelines, that allow a wide diversity of potentiel VIPA design, we show here that a choice of VIPA design parameter can be selected to satifsfy the need of high resolution spectroscopy in NIR optimized for exoplanet atmosphere molecular analysis. Such parameter are very well compatible with current manufacturing capabilities at low cost.
FURTHER STEPS AND OUTLOOK
Planning
For the H-band platform, integration tests are planned for the Quarter 4 of 2018, and the tests up to the end of Quarter 1 of 2019. Calibration procedures, including calibration lamp and Fabry-Pérot, have to be set in the meantime. In parallel to this experimental work, the mechanical design study of K band will be finished during the summer 2018. The purpose of this development is to conclude on the possibility to couple the instrument with Adaptive Optics in the context of HDC for Quarter 2 of 2019.
Optimization
Several steps could be envisioned as part of the proof-of-concept to optimize further the instrument :
• reduce the spacing between the input channels of the spectrograph and increase their numbers. This point has been identified as an important constraint during the design, and could be addressed with dense multi-core fiber, developed currently in the context of high-dispersion coronography, 21 or integrated optics components, developed in astronomical interferometry;
• optimize the throughput, as mentionned in Sec 3.3;
• merge the two platforms in order to use simultaneously H and K bands on the H2RG;
• study the coupling between AO system and SMF fiber, and the possibility and limitations to pave the focal plane prior to the spectrograph.
CONCLUSION
We present the design of a R = 80 000, cryogenic infrared spectrograph developed at IPAG. The concept of the instrument is based on the use of VIPA, a kind of Fabry-Pérot interferometer used as a virtual grating, which enables to reach high resolution in a compact design. The spectrograph covers H and K bands, with two different optical platforms, which can not be used simultaneously in a first time, each platform having 2 input SMFs. Laboratory tests are planned from Q4 2018 to Q2 2019, in order to characterize the instrument demonstrate the feasibility of a coupling with adaptive optics system as SPHERE in the context of high-dispersion coronography. Finally, this approach results in an instrument that is simple to manufacture and whose design is adaptable to different needs in terms of spectral range, illuminated zone on the detector, or resolution, noting in particular the capability of the VIPA to reach high or even very high (R > 100 000) spectral resolution.
